arXiv: 1506.0373 lv2 [hep-ph] 31 Aug 2015 


Induced-Gravity Inflation in Supergravity 
Confronted with Planck 2015 & Bicep2 /Keck Array 


C. Pallis 

Departament de Ffsica Tedrica and IFIC, 
Universitat de Valencia-CSIC, 

E-46100 Burjassot, SPAIN 


E-mail: cpallis@ific. uv. es 


ABSTRACT: Supersymmetric versions of induced-gravity inflation are formulated within Super¬ 
gravity (SUGRA) employing two gauge singlet chiral superfields. The proposed superpotential is 
uniquely determined by applying a continuous R and a discrete Z 2 symmetry. We also employ a 
logarithmic Kahler potential respecting the symmetries above and including all the allowed terms up 
to fourth order in powers of the various fields. When the Kahler manifold exhibits a no-scale-type 
symmetry, the model predicts spectral index 11 s ~ 0.963 and tensor-to-scalar r ~ 0.004. Beyond 
no-scale SUGRA, n s and r depend crucially on the coefficient k$& involved in the fourth order 
term, which mixes the inflaton <t> with the accompanying non-inflaton superfield S in the Kahler 
potential, and the prefactor encountered in it. Increasing slightly the latter above (—3), an efficient 
enhancement of the resulting r can be achieved putting it in the observable range favored by the 
Planck and BICEP2 /Keck Array results. In all cases, imposing a lower bound on the parameter 
cr, involved in the coupling between the inflaton and the Ricci scalar curvature, inflation can be 
attained for subplanckian values of the inflaton while the corresponding effective theory respects the 
perturbative unitarity. 
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1. Introduction 

Induced-gravity inflation (IGI) [1] is a subclass of non-minimal inflationary models in which in¬ 
flation is driven in the presence of a non-minimal coupling function between the inflaton field and the 
Ricci scalar curvature and the Planck mass is determined by the vacuum expectation value (v.e.v) of the 
inflaton at the end of the slow roll. As a consequence, IGI not only is attained even for subplanckian val¬ 
ues of the inflaton - thanks to the strong enough aforementioned coupling - but also the corresponding 
effective theory remains valid up to the Planck scale [2,3]. In this talk we focus on the implementation 
of IGI within Supergravity (SUGRA) [4,5] revising and updating the findings of Ref. [4] in the light of 
the recent joint analysis [6,7] of Planck and Bicep2 /Keck Array results. 

Below, in Sec. |j, we describe the generic formulation of IGI in SUGRA. The established in Sec. |3] 
inflationary models are investigated in Sec. [tj. The ultraviolet (UV) behavior of these models is analyzed 
in Sec. |5| Our conclusions are summarized in Sec. Throughout the text, the subscript .% denotes 
derivation with respect to (w.r.t) the field charge conjugation is denoted by a star, and we use units 
where the reduced Planck scale mp = 2.435 • 10 18 GeV is set equal to unity. 

2. Embedding IGI in SUGRA 

According to the scheme proposed in Ref. [4], the implementation of IGI in SUGRA requires at 
least two singlet superfields, i.e., z a = with <f> (a = 1) and S (a = 2) being the inflaton and a 
stabilized field respectively. The superpotential W of the model has the form 

Q o° 

W = —S (Q h — 1/2) with G H (d>) = c R <Z> 2 + Y X k <P 4k , (2.1) 

which is (i) invariant under the action of a global Z 2 discrete symmetry, i.e., 

W —t W for d> -» -3> and S -a S (2.2) 

and (ii) consistent with a continuous R symmetry under which 

e i(p W for 5 —y e i(p S and G H -> G H . (2-3) 

Confining ourselves to <I> < 1 and assuming relatively low A*’s we hereafter neglect the second term in 
the definition of G H i n Eq. (fO]). The Supersummetric (SUSY) F-term scalar potential obtained from W 
in Eq. ( [2~T] ) is 

U F = A 2 |G H - l/2| 2 /4 + A 2 |Sn H ,$| 2 /4, (2.4) 

where the complex scalar components of <t> and S arc denoted by the same symbol. From Eq. (p.4|), we 
find that the SUSY vacuum lies at the direction 

(S) = 0 and <£2 H ) = l/2, (2.5) 

where we take into account that the phase of <t>, arg<I>, is stabilized to zero during and after IGI. If fin 
is the holomorphic part of the frame function G and dominates it, Eq. ( [2.5| ) assures a transition to the 
conventional Einstein gravity realizing, thereby, the idea of induced gravity [1]. 
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To combine this idea with an inflationary setting we have to define a suitable relation between 
Q. and the Kahler potential K so as the scalar potential far away from the SUSY vacuum to admit 
inflationary solutions. To this end, we focus on Einstein frame (EF) action for z“’s within SUGRA [8] 
which is written as 

S = f d 4 xs/^ (-^R + K a - p g» v d^ a d v z*ii - v) , ( 2 . 6 ) 

where V is the F-term SUGRA scalar potential given below, summation is taken over the scalar fields 
Z«, K afj = K z „ z4 with KP a Kaf = h'| ; , g is the determinant of the EF metric g^ v . If we perform a 
conformal transformation defining the Jordan frame (JF) metric g^ v through the relation 


Q ; ^ and = , 

3(1 + n) g,iV \r = (r _ QinQ + 3g^d^d v Q./2Qr) 


where n is a dimensionless (small in our approach) parameter which quantifies the deviation from the 
standard set-up [8], S is written in the JF as follows 


S 


/ 


c/ 4 xV / -0 


f Q.R Qd^Qd^Q. 
\6(l+n) + 4(1 +n) 


1 

(1 + n ) 


SiK^d^d^-V 


( 2 . 8 ) 


with V = Q 2 V /9( 1 + n) 2 being the JF potential in Eq. (jl4|). If we specify the following relation 
between D. and K, 


-£1/3(1+n) = e ~ K/3 ( 1+n ) =k K = -3(1 + n)In(-£2/3(l +n )), (2.9) 

and employ the definition [8] of the purely bosonic part of the on-shell value of the auxiliary field 

^ = i {K a d»z a - K-ad^z**) /6, (2.10) 


we arrive at the following action 


S = / d A xyf ^0 


( Q.R 




U(1 +n) + ^ (1 +n)nJ^ Z “^ (1 +n) 3 y 




where in Eq. (2.10) takes the form 


= -i(l + n) {n a d^z a - Clad^z™) /2£2 . 


( 2 . 11 ) 


( 2 . 12 ) 


It is clear from Eq. ( |2.11|) that S exhibits non-minimal couplings of the z a, s to R. Flowever, Q also 
enters the kinetic terms of the z“’s. To separate the two contributions we split Q into two parts 


-£2/3(1 +n) = n H (®) + £2 H *(<T) -£2 k (l^l 2 , |S| 2 ) /3(1 +n), 


(2.13a) 


where £2 k is a dimensionless real function including the kinetic terms for the z a ’s and takes the form 
G K (|<I>| 2 , |5| 2 ) = k HS |<J>| 2 + |S| 2 - 2 (k s \S\ 4 + M<1>| 4 + k s <D|5| 2 |d>| 2 ) (2.13b) 


with coefficients k^s-.ks-Ep and ks® of order unity. The fourth order term for S is included to cure 
the problem of a tachyonic instability occurring along this direction [8], and the remaining terms of 
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the same order are considered for consistency - the factors of 2 are added just for convenience. On the 
other hand, Oh in Eq. ( j2. 13 aj ) is a dimensionless holomorphic function which, for Oh > Ok, represents 
the non-minimal coupling to gravity - note that O f/ ^ is independent of Oh since O h _ a£t p = 0. If arg<E> 


is stabilized to zero, then O h = Ojj and from Eqs. ( [2.1 l[ ) and ( |2.13a| ) we deduce that Eq. ( |2.5[ ) recovers 
the conventional term of the Einstein gravity at the SUSY vacuum implementing thereby the idea of 
induced gravity. The choice n / 0, although not standard, is perfectly consistent with the set-up of non- 
minimal inflation [8] since the only difference occurring for n / 0 is that the z“’s do not have canonical 
kinetic terms in the JF due to the term proportional to / 5 a p in Eq. ( |2.1 l| ). This fact does not 


cause any problem since the canonical normalization of <E> keeps its strong dependence on c R , whereas 


S becomes heavy enough during IGI and so it does not affect the dynamics - see Sec. 3.1 


In conclusion, through Eq. (2.9) the resulting Kahler potential is 


K = -3(1 + n) In ( c R (d> 2 + <T 2 ) - 


|5| 2 + k NS |d>| 2 , k s |S| 4 + U J ,|<E| 4 + k 5< j,|S| 2 |<I>|- 


3(1 +n) 


■ + 2 


3(1 +n) 


(2.14) 


We set k|\is = 1 throughout, except for the case of no-scale SUGRA which is defined as follows: 

n = 0, Aims = 0 and ks<j> = k® = 0. (2.15) 

This arrangement, inspired by the early models of soft SUSY breaking [2,9], corresponds to the Kahler 
manifold SU(2,1)/SU(2) x Ur(1) x Zi with constant curvature equal to —2/3. In practice, these 
choices highly simplify the realization of IGI, rendering it more predictive thanks to a lower number of 
the remaining free parameters. 

3. Inflationary Set-up 


In this section we describe - in Sec. 3.1 - the derivation of the inflationary potential of our model 


and then - in Sec. 3.2 - we exhibit a number of observational and theoretical constraints imposed. 

3.1 Inflationary Potential 


The EF F-term (tree level) SUGRA scalar potential V, encountered in Eq. ( |2.6| ), is obtained from 
W and K in Eqs. ([O]) and ( [2.14 ) respectively by applying (for z a = <I>,5) the well-known formula 


V =e K [K a ^D a WD*^W* - 3|W| 2 j with D a W = W^+K z aW. 
Along the inflationary track determined by the constraints 

S = q> - <I>* = 0, or s = s = Q = 0 
if we express <t> and S according to the standard parametrization 

d>=0e I0 /v / 2 and S=(s + is)/V 2, 
the only surviving term in Eq. ( |3.1| ) is 

A 2 |2G h -1| 2 


U IG0 = y (0 = 5 = s = 0) = e K K sy I W 5 | 2 = 


4 4/*J>/! +3 ” 


(3.1) 


(3.2) 


(3.3) 


(3.4) 
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Here we take into account that 

e K = f R 3( ' +n) and K ss * = fr/fo, 

where the functions [r and fs<i> are defined along the direction in Eq. (ju|) as follows: 


Ir — ~ 


Cl 


3(1 +n) 


,2 &NS0“ - £<J>0 

= Cr(/)~ ■ 


6(1 + n) 


and fs<t, = Cl.ss‘ = 1 — &s<r >0 ■ 


(3.5a) 


(3.5b) 


Given that /$<t> AC Jr — 2T>h with cr S> I, Vigo i n Eq. ([T4|) is roughly proportional to 0 6 ". Therefore, 
an inflationary plateau emerges for n = 0 and a chaotic-type potential (bounded from below) is gener¬ 
ated for n < 0. More specifically, Vigo and the corresponding EF Hubble parameter, H\q, can be cast in 
the following form: 


-6 n 


Vigo = 


h fwfi 
4c|0 4 /s<t> 


cr 


6(1 +n) 


— ( 2+3 n) 


A 2 »jp0 -6 '' 

4/5<t>c| +3 " 


and H\q = 


V 


1/2 


IGO 


A 0 


—3 n 


V3 2 v ^4 +3n/2 


, (3.6) 


where we introduce the functions = 1 — fcj> 0 2 and f w = 1 — crO 2 . 


The stability of the configuration in Eq. ( |3.2| ) can be checked verifying the validity of the conditions 
dV/d% a = 0 and fh 2 a > 0 with % a = 0,s,s, (3.7) 


where m 2 a are the eigenvalues of the mass matrix with elements M 2 « = r) 2 V/dyJGlyJ' and hat denotes 


the EF canonically normalized fields defined by the kinetic terns in Eq. (|2.6|) as follows 


V — 


1 


^2 


= 2<* +e 


1 ^ ^ 
2 ( " + * 


where the dot denotes derivation w.r.t the JF cosmic time and the hatted fields read 

d<j)/d(j) = \/^<r><t>* = J — y / 6 (l + n)/(j>, 6=J6<^> and (s,l) = V Kss*(s,s ) 


(3.8a) 


(3.8b) 


where Aw ~ I /cR(j ) 2 - cf. Eqs. ( j3.5aj ) and ( |3.5b| ). The spinors y/<j> and y /5 associated with S and <I> 
are normalized similarly, i.e., \jr$ = \TKss~> 1/4 and i//$, = y/K®®* Integrating the first equation in 
Eq. ( [3.8b| ) we can identify the EF field as 

0 = 0c T y/ 6(1 -E n) In ( 0 /( 0 )) with ( 0 ) = (3.9) 

where 0 C is a constant of integration and we make use of Eqs. ( [2.1[ ) and ( |2.5[ ). 

Upon diagonalization of M 2 we construct the mass spectrum of the theory along the path of 
Eq. (3.2). Taking advantage of the fact that cr 1 and the limits k<j> -+ 0 and A+n* ->0we find the 
expressions of the relevant masses squared, arranged in Table [IJ which approach rather well the quite 
lengthy, exact expressions taken into account in our numerical computation. We have numerically 
verified that the various masses remain greater than H\q during the last 50 e-foldings of inflation, and 
so any inflationary perturbations of the fields other than the inflaton arc safely eliminated. They enter a 
phase of oscillations about zero with reducing amplitude and so the 0 dependence in their normalization 
- see Eq. ( 3.8b ) - does not affect their dynamics. As usually - cf. Ref. [2,10] -, the lighter eignestate 
of M 2 fj is m 2 which here can become positive and heavy enough for Ay > 0.05 - see Sec. p~2j . 
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Fields 

Eingestates 

Masses Squared 

1 real scalar 

6 

m 2 e ~ A 2 (2 - 2c s 0 2 /w + 3 nffa) 

/ 6(1 +n)4 +3 "0 2(2+3B) - 4 H{ g 

2 real scalars 

s', s 

m] = A 2 (2-6 n-CR(j) 2 + \2k s (l + n)fy) 

/6(1 +n)4 (1+ " ) 0 2(1 + 3 ” ) 

2 Weyl spinors 


m\ ± ~ A 2 (2 + 3nfw) 2 /1 2 (1 + n)c^ +3n 0 2(2+3 " } 


TABLE 1: Mass spectrum along the inflationary trajectory in Eg. (4.2). 


Inserting, finally, the mass spectrum of the model in the well-known Coleman-Weinberg formula, 
we calculate the one-loop corrected inflationary potential 


Vig 


Vigo + 


< In + 2m?hr ^ - 4m 4 ^ In -' v± 


mz 


mz 


647T 2 


A 2 


(3.10) 


where A is a renormalization-group mass scale. We determine it by requiring [10] AV(0*) = 0 with 
AV = V\g — Vigo the radiative corrections (RCs) to Vigo- To reduce the possible dependence of our 
results on the choice of A, we confine ourselves to A’s and ks’s which do not enhance the RCs. Under 
these circumstances, our results can be exclusively reproduced by using Vigo- 


3.2 Inflationary Requirements 

Based on Vig in Eq. ( |3.10| ) we can proceed to the analysis of IGI in the EF [1], employing the 
standard slow-roll approximation. We have just to convert the derivations and integrations w.r.t <j) to the 
corresponding ones w.r.t 0 keeping in mind the dependence of 0 on 0, Eq. ( 3.8t ). In our analysis we 
take into account the following observational and theoretical requirements: 


3.2.1 The number of e-foldings, A*, that the scale k t = 0.05/Mpc suffers during IGI has to be ade¬ 
quate to resolve the horizon and flatness problems of standard big bang, i.e., [2,6] 


AC = 


'<i>s 


d(j) 


Vig 


V 


IG ,<j> 


, A1 - , , Vi G (0*) 1 / 2 I I 

61.7 H - In —--—b — In TJ-h — In ■ . 

Vi G (0f) 1 / 3 3 2 / s (0 f )i/3 


/*(&) 


(3.11) 


where 0* [0*] is the value of 0 [0] when k k crosses outside the inflationary horizon and 0f [0f] is the 
value of 0 [0] at the end of IGI, which can be found from the condition 

max{e(0f),|rj(0f)|} = 1, where e = 1 / iP’M and r) = (3.12) 

2 \ Vig / Vo 


are the well-known slow-roll parameters and 7]-h is the reheat temperature after IGI, which is taken 
7]-h = 4.1 • 10 10 throughout. We also assume canonical reheating [11] with an effective equation-of- 
state parameter w re = 0 and the effective number of relativistic degrees of freedom at temperature 7]-h 
is taken g r h = 228.75 corresponding to the MSSM spectrum. 
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3.2.2 The amplitude A s of the power spectrum of the curvature perturbation generated by (j) at k k has 
to be consistent with data [6] 


q 1 felfc ) 372 

' V3* |V IG y(S.J| 


1 

2k 



~ 4.627 • 10” 5 , 


where the variables with subscript * are evaluated at 0 = 0*. 


(3.13) 


3.2.3 The remaining inflationary observables (the spectral index n s , its running a s , and the tensor-to- 
scalar ratio r) - estimated through the relations: 

(a) n s = 1 -6?* + 2?7*, (b) a s = 2 (4q* - (n s - l) 2 ) /3 - 2£* and (c) r = 16e* (3.14) 

with q = V IG - V IG 222/Vi G - have to be consistent with the data [6], i.e., 

(a) n s = 0.968 ± 0.009 and (b)r<0.12, (3.15) 


at 95% confidence level (c.l.) - pertaining to the ACDM+r framework with |a s | <C 0.01. Although 


compatible with Eq. (3.15b) the present combined Planck and BicepHK eck Array results [7] seem to 


favor r’s of order 0.01 since r = 0.048 [ at 68% c.l. has been reported. 

3.2.4 Since SUGRA is an effective theory below mp = 1 the existence of higher-order terms in W 
and K, Eqs. ( fO] ) and (2.14), appears to be unavoidable. Therefore, the stability of our inflationary 
solutions can be assured if we entail 


(a) Tig(0*) 1/4 < 1 and (b) </>* < 1 ; 


(3.16) 


where the UV cutoff scale of the effective theory for the present models is mp = 1, as shown in Sec. |5| 

The structure of Goo as a function of (j) for various n ’s is displayed in Fig. |l], where we depict V\q 
versus 0 imposing 0* = 1. The selected values of X,ks® and n, shown in Fig. [I], yield n s = 0.968 
and r = 0.0048,0.061,0.11 for increasing \n \’s - gray, light gray and black line. The corresponding 
cr values are (0.078,1.8,5.6) - 10 3 . We remark that a gap of about one order of magnitude emerges 
between Uigo(0 *) ~ an d (0) - for \n\ of order 0.01 and n = 0 due to the larger A and cr values employed 
for n < 0; actually, in the former case, V IG q (0*) - and {</)) - approaches the SUSY grand-unification 
scale, 8.2 • 10 3 - cf. Ref. [12]. This fact together with the steeper slope that Vigo acquires close to 
(j) = 0* for n < 0 is expected to have an imprint in elevating e in Eq. ([1. 1 2|) and, via Eq. (|3.14|c), on r. 


4. Results 


Confronting our inflationary scenario with the requirements above_ 

eter space. We here present our results for the two radically different cases 


and n < 0 in Sec. E3 


we can find its allowed param- 
taking n = 0 in Sec. EO 


4.1 n = 0 Case 


We focus first on the form of Kahler potential induced by Eq. (2.14) with n = 0. Our analysis 
in Sec. [4. 1. 1| presents some approximate expressions which assist us to interpret the numerical results 
exhibited in Sec. |4. 1.2[ 
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FIGURE 1: The inflationary potential Vigo (gray, light gray and black line) as a function of (j) for n = 
0, —1/25, —1/20, A = 0.0013,0.11,0.34 and ks $ ~ 0.0045,-0.018,-0.013. Values corresponding to 0* and 
<j)f are also depicted. 

4.1.1 Analytic Results 

Upon substitution of Eqs. ( |V6j ) and (3.8b) into Eq. (3.12), we can extract the slow-roll parameters 
which determine the strength of the inflationary stage. Performing expansions about 0 ~ 0, we can 
achieve approximate expressions which assist us to interpret the numerical results presented below. 
Namely, we find 


£ = and q = -L^^-yks^cltj) 6 + 2c R k ScS ,(j) 4 - l). 


(4.1) 


As it may be numerically verified, the termination of IGI is triggered by the violation of the e criterion 
at 0 = 0f, which does not decline a lot from its value for ks$> = 0. Namely we get 


e (0f) = 1 =>- 0f = \J 1 +2/\/3 jc R . 


In the same approximation and given that 0f <C 0*, A* can be calculated via Eq. (3.11) with result 

A* ~ 3 c R (0* - 0f) /4 =4- 0* ~ 2\Jn±/'5c r . 

Obviously, IGI with subplanckian 0 ’s can be achieved if 

0*<1 =* cr > 4A*/3 ~ 76 
for A* ~ 52. Therefore we need relatively large c R s. 


(4.2) 

t 

(4.3a) 

(4.3b) 


Replacing Vigo from Eq. ( |3.6| ) in Eq. (3.13) we obtain 

2A/^(0*) 


a !/ 2 = 


A ~ 2ii\j2A s i 


CR 


3 8&s<*>A* 

.A* 3c« 


(4.4) 


Sy/2KC 2 R 0 2 (2 + 0*) 

Inserting finally Eq. ([4.3a|) into Eq. ([3. 1 4|a) and (c) we can provide expressions for n s and r. These are 


n s ~ 1 - 


2 *32%±27 m and r ~n 61 4tyy- 

A* 3c s 12 A 2 9c| 


(4.5) 


Therefore, a clear dependence of n s and r on ks& arises, with the first one being much more efficient. 
This depedence does not exist within no-scale SUGRA since k s< $ vanishes by definition - see Eq. (2.15). 
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FIGURE 2: Allowed (hatched) regions in the A — cr plane (a) and A — ks® plane (b) for ks = k® = 0.5. The 
conventions adopted for the various lines are also shown. 


4.1.2 Numerical Results 


With fixed and T r h - see Secs [2] and 3.2 - this inflationary scenario depends on the parameters: 


A, cr. ks, ks ®. and k®. 


(4.6) 


Our results are independent of ks, provided that m 2 > 0 - see in Table [l[ The same is also valid for 
fcf-lCc;;- see Eq. ( 3.5b| ). We therefore set ks = k® = 0.5. Besides these values, in our numerical 
code, we use as input parameters cr, ks® and 0*. For every chosen c R > 1, we restrict A and 0* 
so that the conditions Eqs. ( 3.11 ), ( 3.13 ) and ( 3. 16| ) are satisfied. By adjusting ks® we can achieve 
n s ’s in the range of Eq. ( 3.15 ). Our results are displayed in Fig. ||-(a) and (b) where we delineate the 
hatched regions allowed by the restrictions of Sec. ^72] in the A — cr [ A — ks® ] plane. The conventions 
adopted for the various lines are also shown. In particular, the dashed [dot-dashed] lines correspond 
to n s = 0.977 [n s = 0.959], whereas the solid (thick) lines are obtained by fixing n s = 0.968 - see 
Eq. ( |3.15 ). Along the thin line, which provides the lower bound for the regions presented in Fig. [3, 
the constraint of Eq. (|37 T^d) is saturated. At the other end, the allowed regions terminate along the 
dotted line where \ks®\ = 3, since we expect ks®, values of order unity to be natural. From Fig. [2L(a) 
we see that cr remains almost proportional to A and for constant A, cr increases as n s decreases. From 
Fig. §-(b) we remark that ks® is confined close to zero for n s = 0.968 and A < 0.16 or 0* > 0.1 - see 
Eq. ( |4.3a ). Therefore, a degree of tuning (of the order of 10 2 ) is needed in order to reproduce the 


experimental data of Eq. (3.15a). On the other hand, for A > 0.16 (or 0* < 0.1), ks® takes quite natural 


(of order one) negative values - consistently with Eq. d4.5| ). 
More explicitly, for n s = 0.968 and A* ~ 52 we find: 


78<c«<10 s with 1.9 • 10 -3 < A < 2.35 and 0.005 < k s ® < 3. 


(4.7) 


Note that the former data dictated ks® < 0 since the central n s was lower [4]. Also we obtain —7.8 < 
a s /10~ 4 < —7.4 and r — 4.4 • 10~ 3 which lie within the allowed ranges of Eq. (3.15). On the other 


hand, the results within no-scale SUGRA are much more robust since the ks® (and k®) dependence 
collapses - see Eq. (2.15). Indeed, no-scale SUGRA predicts identically n s ~ 0.963, rz s = —6.5 • 10~ 4 
and r = 4 • 10 3 which are perfectly compatible with the data [6,7] although with low enough r. 
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4.2 n < 0 CASE 


Following the strategy of the previous section, we present below first some analytic results in 
Sec. [1.2.1 , which provides a taste of the numerical findings exhibited in Sec. 4.2.2| . 


4.2.1 Analytic Results 


Plugging Eqs. (3.6) and (3.8b) into Eq. (3.12) and taking kq, ~ 0, we obtain the following approx¬ 
imate expressions for the slow-roll parameters 


(2 + 3« — 3nc R (h 2 + (1 + 3n)ks<t>CR(l) 4 ) 2 , ^ 

£ =- ttt- - , +, - 1 - L - and rj = 


1 


x 2 


3(1 + «)/!d>/w 3(1+ n)4/w 

0*" fk-s® (0~ (6cr + c^0“ + kscpCfttj ) 4 ') — 11) — 2c/?') + 9n 2 


+ 4 + 6nfs®fw (2 + ks<j>0 2 {cR(j) 2 — 3)) 


(4.8) 


Taking the limit of the expressions above for kg® — 0 we can analytically solve the condition in 
Eq. ( [3. 12 ) w.r.t 0. The results are 


»,,= + ( 1 ~l +2 ^ 3(1+ " ) fe=t/ 1 - 9 " + y. 16+ ' 2M3 "- 1) - (4.9) 


3(1 +u)cr 


3(1 +u)cr 


The end of IGI mostly occurs at 0f = 0n because this is mainly the maximal value of the two solutions 
above. Since 0f <C 0*, we can estimate A* through Eq. ([3.1 1 [) neglecting 0f. Our result is 


N± ~ (1 +/i) 


3/i In 0* + In (2 + 3 n — 3c s /?0 2 ) 


(4.10a) 


|/i|(2 + 3/i) 

Ignoring the first term in the last equality and solving w.r.t 0* we extract 0* as follows - cf. Ref. [4,10]: 

^~^/(2-e n )/3nc R with e n = e -"( 2 +34&/(i+«) _ (4.10b) 

Although a radically different dependence of 0* on N+ arises compared to the model of Sec. 0 - cf. 
Eq. ( f4.3aj ) - 0* can again remain subplanckian for large c R s. Indeed, 

0* < 1 =+ c R > (2 - e n )/3n . (4.10c) 

On the other hand, 0* remains transplanckian, since plugging Eq. ( 4.10b ) into Eq. ( |3.9j ) we find 

0* ~ -^3(1 +/i)/2 (4(2 + 3zi)A*/(l + n) + ln3|zi|) , (4.11) 

which gives 0* = 7 — 10 for 0 C = 0 and /i = —(0.03 — 0.05) - independently of c R . Despite this fact, 
our construction remains stable under possible corrections from non-renormalizable terms in Oh since 
these are expressed in terms of initial field <!>, and can be harmless for |4>| < 1 . 


Upon substitution of Eq. (4.10b) into Eq. (3.13) we end up with 


A 


4ny/2c R A s el" /2 (e n -2)(k S cp(l+3n)(e n -2) 2 + 9n 2 c R e„) 
3|/i|( 3 ,I+ 1 )/ 2 y / (l +n)(k s ®(e n — 2) — 3nc R 


(4.12) 
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We remark that A depends not only on cr and ks® as in Eq. ( f3~4| ) but also on n. Inserting Eq. (4.10b) 
into Eq. (4.8), employing then Eq. ( |3, 1 4| a) and expanding for c« > 1 we find 


(e n -2) 2 + n(e n -2)(e n + 12)-6n 2 el 
n s — 77 — w — 7 ; zto h 4ks®e n 

(l+n){e n + 3n — 2) 1 

Following the same steps, from Eq. ( ft .1 4| c) we find 

3 n 2 e 2 


e n (4-(l + 3m)e n ) — 4 
9n{ \ + n) (e n + 3 n — 2 ) 2 cr 


(4.13a) 


r = 16 


(l+n)(e n + 3n-2) 2 


+ 2 ks®e n 


4 + (e n - 3 ne n - 4)e„ 

3 (1 + n) (e n + 3n-2) 2 c R 


(4.13b) 


From the above expressions we see that primarily \n\ / 0 and secondarily n < 0 help to sizably increase 
r. Given that e n I, n s is close to unity as can be infered by the first ratio in the right-hand side of 
Eq. ( 4.13a| ). Any increase of n s due to the existence \n\ / 0 can be balanced by a choise of ks® < 0. 
Note that the second term in Eq. ( |4. 13a ) is less suppressed w.r.t the second term in Eq. ( 4.13b ) since 
cr A> I is multiplied by n -C 1. 


4.2.2 Numerical Results 

Besides the free parameters shown in Eq. ( |4.6j ) we have also here n, which is constrained to neg¬ 
ative values. Using the reasoning explained in Sec. [4.1.2j we set k <j> = 0.5. On the other hand, m 2 can 
become positive with ks lower than the value used in Sec. [4.1.2 since positive contributions from n < 0 
arises here - see Table [1} Moreover, if ks takes a value of order unity m 2 grows more efficiently than in 
the case with n = 0, rendering thereby the RCs in Eq. (3.1C) sizeable for very large cr values (~ 10 5 ). 
To avoid such dependence of the model predictions on the RCs, we use ks values lower than those used 


in Sec. 4.1.2 . Thus, we set ks = 0.05 throughout. As in the previous case, Eqs. ( 3.1 1| ), ( 3.13 ) and ( 3.16 ) 
assist us to restrict A (or cr > 1 ) and 0*. By adjusting n and k s ® we can achieve not only n s ,a s and r 
values in the range of Eq. ( ft. 15 ) but also r’s close to the central value reported in Ref. [7]. 

Confronting the parameters with Eqs. (3.11), (3.13), ( 3.15| a, b) and (3.16) we depict the allowed 
(hatched) regions in the A — cr, A — ks®, A — r and A — a s planes for n = — 1/30 (gray lines and hatched 
regions), n = —1/25 (light gray lines and hatched regions), n = —1/20 (black lines and hatched re¬ 
gions) in Fig. |]-(a), (b), (c) and (d) respectively. Note that the conventions adopted for the various 
lines are identical with those used in Fig. [|- i.e., the dashed, solid (thick) and dot-dashed lines corre¬ 
spond to n s = 0.977,0.968 and 0.959 respectively, whereas along the thin (solid) lines the constraint of 
Eq. ( ft. 16ft ) is saturated. The perturbative bound on A limits the various regions at the other end. 

From Fig. |3j-(a) we remark that cr remains almost proportional to A but the dependence on ks® is 
stronger than that shown in Fig. |j-(a). Also, as \n\ increases, the allowed areas are displaced to larger 
A and cr values in agreement with Eq. ( [4. 10c ) - cf. Fig. j|. Similarly, the allowed ks ®’s move to larger 
values as |n| and/or n s increases. For fixed n s , increasing cr entails a decrease of ks® in accordance with 
Eq. ( |4.13a[ ). Finally, from Fig. |3|-(c) and (d) we conclude that employing \n\ > 0.01, r and a s increase 
w.r.t their values for n = 0 - see results below Eq. Q. As a consequence, for n ~ —(0.03 — 0.05), r 
enters the observable region. On the other hand, a s although one order larger than its value for n = 0 
remains sufficiently low; it is thus consistent with the fitting of data with the standard ACDM+r model 
- see Eq. ( |3.15 ). As anticipated below Eq. ( [4. 1 3b| ). the resulting r’s depend only on the input n and ks® 
(or n s ), and are independent of A (or cr). The same behavior is also true for a s . It is worth noticing that 
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FIGURE 3: Allowed (hatched) regions in the A — cr (a), A — Av<t> (b), A — r (c), A — a s (d) plane for k$ = 0.1, 
kip = 0.5 and n = —0.033 (gray lines and hatched regions), n = —0.04 (light gray lines and hatched regions), 
n = —0.05 (black lines and hatched regions). The conventions adopted for the type and color of the various lines 
are also shown in the label of panel (a). 


the existence of ks<i> 7 ^ 0 is imperative for the viability of our scheme. More explicitly, for n s = 0.968 
and ~ 55 — 57 we find: 

0 09 <^< 6 - 9 with 0.045 < A <3.5 and 0.18 <-^<10.4 (n = -0.033); (4.14a) 
019 <^< 6 - 7 with 0.11 < A <3.5 and 0.18 <-^<6.3 (n = -0.04); (4.14b) 

0-56 <^< 6.1 with 0.34 < A <3.5 and 0.13 <-^<1.45 (n = -0.05). (4.14c) 

In these regions we obtain 

— =0.4.0.6,1.05 and -^- = 1,1.3,1.4 for - — = 3.3,4,5 (4.15) 

0.1 ’ 0.001 0.01 

respectively. It is impressive that the observable r’s above are achieved with subplanckian 0’s. How¬ 
ever, this fact does not contradict to the Lyth bound [13], since this is applied to the (totally auxiliary) 
EF inflaton 0 which remains transplanckian- see Eq. ([4.1 1 [). 
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5. Effective Cut-off Scale 


An outstanding trademark of IGI is that it is unitarity-safe [2-4], despite the fact that its imple¬ 


mentation with subplanckian 0’s - see Eqs. (1.3b) and (4.10c) - requires relatively large c R ’ s. To show 


this, we below extract the UV cut-off scale, Auv, of the effective theory first in the JF - see Sec. p. 1 


and then in the EF - see Sec. 5.2 


5.1 Jordan Frame Computation 

If we expand g^ v about the flat spacetime metric r/ u v and 0 about its v.e.v as follows 

g^iv-Tltiv + fh tv and 0 = (0) + <S0 with (0) = 1 /Vcr (5.1) 

- where lv u v is the graviton -, the lagrangian corresponding to the two first terms in the right-hand side 


of S in Eq. (2.11) for a = <4> takes the form - cf. Ref. [14]: 


<5^ = -^F EH (5n +^^50^50 + ^)50 + I(/ r ^)00 2 + . 

= -^E eh (^ v ) + ^505^50 +A v ffi 2 Oh, 


Fr 


(5.2) 


where the functions F E h and Fr related to the the linearized Einstein-Hilbert part of the lagrangian, read 
Feu (hn = h^Uh^ - hUh + 2d p h^d v h^ - Idyh^d^h and F R (h» v ) = Oh- d^d v h^ v (5.3) 
with h = /?|J. Also Fk along the trajectory in Eq. (3.2) is calculated to be 


Fk — f2cE><j>* — 


«£ 2 <j)£ 2 ci>* kfgs 


(l+n)Q 1+n 


+ 6hcr■ 


(5.4) 


Moreover, hu v and 50 are the JF canonically normalized fields defined by the relations 


50 = JW\S(j) and h^v = h vv + -^=%v50 with f R = F K f R + \fl 4 

V \J R / v \Ir) 2 


(5.5) 


Finally, Auv in Eq. (F2) is the JF UV cut-off scale since it controls the strength of the 50 — 50 
scattering process via ^-channel li‘ lv exchange. It is determined via the relation 


Ayv = 


2 (Ir) 


6(1 +n) 


1 _ 6ms 
6(1 +h)c r 


(5.6) 


VW)(fRM) 

For the estimations above we make use of Eqs. ( |Q| ) and (5.4 ). Since the dangerous factor c R 1 included 


in {f R4 >q) is eliminated in Eq. (5.6), the theory can be characterized as unitarity-safe. 

5.2 Einstein Frame Computation 

Alternatively, Auv can be determined in EF, following the systematic approach of Ref. [15]. At 


the SUSY vacuum in Eq. ( |2.5| ), the EF (canonically normalized) inflaton is found via Eq. ( |3.9[ ) to be 

50 = (7)50 with (J) ~ \/6(l +n)c R . (5.7) 
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The fact that 50 does not coincide with 50 at the vacuum of the theory - contrary to the standard Higgs 
non-minimal inflation [16] - ensures that our models are valid up to mp = 1. To show it, we write S in 
Eq. ( p . 6 | ) along the path of Eq. (3.2) as follows 


S = Jd 4 x^ + - y IG0 + • • •) , 


(5.8) 


where the ellipsis represents terms irrelevant for our analysis; J and Ego are given by Eqs. ( 3.8bj ) and 
( |3.6| ) respectively. We first expand J 2 (j) 2 about (0) in terms of 50 in Eq. ( |5.7| ) and we arrive at the 
following result 


J 2 f- = 11 - 


-50 + 


50 


50 


3(1+ n) 2(1 +n) V 3(l + /i ) 3 3 


50 


(5.9a) 


The expansion corresponding to Eigo in Eq. (3.6) with kg® — 0 and k ( p ~ 0 includes the terms: 

-2 / — —2 


Eigo = 


A 2 50 


1 + - 


50 


+ ; 


50 


6 c^(l+n) ^ yfl5(l +n ) 3 24(1 +n) 2 

From Eqs. (|5.9a) and (5.9b[) we conclude that Auv = 1, in agreement with our analysis in Sec. 5.1 


(5.9b) 


6. Conclusions 

We updated the analysis of IGI introduced in Ref. [4], in the view of the combined recent analysis 
of the Planck and Bicep2 /Keck Array results [6,7]. These inflationary models are tied to a superpo¬ 
tential, which realizes easily the idea of induced gravity, and a logarithmic Kahler potential, which 


includes all the allowed terms up to the fourth order in powers of the various fields - see Eq. ( |2.14[ ). We 
also allowed for deviations from the prefactor (—3) multiplying the logarithm of the Kahler potential, 
parameterizing it by a factor (1 +n). The models are totally defined imposing two global symmetries 
- a continuous R and a discrete Z 2 symmetry - in conjunction with the requirement that the original 
inflaton takes subplanckian values. 

In the case of no-scale SUGRA, thanks to the underlying symmetries, the inflaton is not mixed 
with the accompanying non-inflaton field in the Kahler potential. As a consequence, the model pre¬ 
dicts n s — 0.963, a s ~ —0.00065 and r ~ 0.004, in excellent agreement with the current Planck data. 


Beyond no-scale SUGRA, for n = 0, we showed that n s spans the entire allowed range in Eq. ( J3.15| a) 
by conveniently adjusting the coefficient kg®. In addition, for n ~ —(0.03 — 0.05), r becomes compat¬ 
ible with the 1-C7 domain of the joint analysis of Planck and Bicep2 /Keck Array data and accessible 
to the ongoing measurements with negligibly small a s . In this last case a mild tuning of ks to values 
of order 0.05 is adequate so that the one-loop RCs remain subdominant. Moreover, in all cases, the 
corresponding effective theory is valid up to the Planck scale. 
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